Abstract: Land-terminating sectors of the Greenland ice sheet flow faster in summer after surface meltwater reaches the subglacial drainage system. Speedup occurs when the subglacial drainage system becomes saturated, leading to a reduction in the effective pressure which promotes sliding of the overlying ice. Here, we use observations acquired by the Sentinel-1a and b synthetic aperture radar to track changes in the speed of land-terminating glaciers across a 14,000 km 2 sector of west-central Greenland on a weekly basis in 2016 and 2017. The fine spatial and temporal sampling of the satellite data allows us to map the speed of summer and winter across the entire sector and to resolve the weekly evolution of ice flow across the downstream portions of five glaciers. Near to the ice sheet margin (at 650 m.a.s.l.), glacier speedup begins around day 130, persisting for around 90 days, and then peaks around day 150. At four of the five glaciers included in our survey the peak speedup is similar in both years, in Russell Glacier there is marked interannual variability of 32% between 2016 and 2017. We present, for the first time, seasonal and altitudinal variation in speedup persistence. Our study demonstrates the value of Sentinel-1's systematic and frequent acquisition plan for studying seasonal changes in ice sheet flow.
Introduction
In recent decades the Greenland Ice Sheet has lost ice at an increasing rate, rising by 89% between 2011-2014 relative to 1992-2011 [1, 2] . The majority (60%) of this ice loss has been due to surface melting and runoff [3, 4] , which have risen as summers have warmed [5, 6] . Between 2011 and 2014, 41% of all ice loss from Greenland (269 ± 51 GT yr-1; [2] ) was from the south-western sector alone, where changes in the degree of surface melting have been pronounced [7] .
In addition to the direct impact on runoff, increased surface melting has also been linked to increases in the speed of ice flow through basal lubrication [8] [9] [10] . Rising air temperatures lead to increased surface melting, which can in turn lead to an increase in the amount of water feeding into the subglacial drainage system [10] after supraglacial lakes drain or moulins open [9, 10] . As a consequence of this excess meltwater, subglacial water pressure rises, which reduces the effective pressure between the ice-bedrock interface and leads to enhanced basal sliding [11] [12] [13] . During the melting season, frictional heating caused by water flow enlarges the conduits of the subglacial hydrologic system, allowing a greater volume of water to be accommodated [14, 15] . As a consequence, from mid-season to the end of the melt season, the drainage system transmission capacity exceeds the meltwater input, draining water efficiently through low-pressure channels [15, 16] .
Seasonal changes in ice flow have been observed in both fast-moving and slow-moving glaciers [17] [18] [19] [20] [21] [22] [23] . In south-west Greenland, the summertime speedup of land-terminating glaciers , and (c) the difference between summer and winter, derived from Sentinel-1 (S1) synthetic aperture radar (SAR) imagery. The uncertainties in the maps associated with the summer, winter, and difference between the summer and winter ice speeds are also shown (d-f, respectively). Velocities and the uncertainties are overlaid on a SAR backscatter intensity image. Also shown are elevation contours (thin grey lines), profiles along (solid black lines) and across (dotted black lines) the centre of five glaciers. The location of the KAN_L weather station is also mapped (red dot, a).
Data and Methods
Previous studies have demonstrated the capability of Sentinel-1 (S1) for mapping ice sheet flow [38] [39] [40] . Here, we use single-look complex (SLC) synthetic aperture radar (SAR) images acquired in the interferometric wide (IW) mode to investigate the detailed patterns of seasonal glacier velocity change. The images used were acquired between January 2016 and December 2017, with a revisit time of 6 or 12 days due to the repeat cycle of 12 days and the 180 degree orbital phase difference between the two satellites. We used the GAMMA-SAR software [50] to generate 96 individual ice velocity maps from different pairs of Sentinel-1a (S1a) and Sentinel-1b (S1b) SAR images.
Ice velocities were computed using a feature tracking technique applied to SAR backscatter intensity images [51] , assuming that the ice flow occurs parallel to the surface and at a constant rate during the image acquisition period. This is a well-established technique, measuring the displacement of similar SAR image features (e.g., crevasses and speckle patterns) based on a cross correlation algorithm applied to image segments (windows) in two co-registered SAR images [40, [51] [52] [53] . The Figure 1 . Average ice velocity in (a) summer (May-Jul), (b) winter (Aug-Apr), and (c) the difference between summer and winter, derived from Sentinel-1 (S1) synthetic aperture radar (SAR) imagery. The uncertainties in the maps associated with the summer, winter, and difference between the summer and winter ice speeds are also shown (d-f, respectively). Velocities and the uncertainties are overlaid on a SAR backscatter intensity image. Also shown are elevation contours (thin grey lines), profiles along (solid black lines) and across (dotted black lines) the centre of five glaciers. The location of the KAN_L weather station is also mapped (red dot, a).
Ice velocities were computed using a feature tracking technique applied to SAR backscatter intensity images [51] , assuming that the ice flow occurs parallel to the surface and at a constant rate during the image acquisition period. This is a well-established technique, measuring the displacement of similar SAR image features (e.g., crevasses and speckle patterns) based on a cross correlation algorithm applied to image segments (windows) in two co-registered SAR images [40, [51] [52] [53] . The window and step size used was based on sensitivity testing of a range of values, where a trade-off between the spatial resolution, spatial coverage and measurement accuracy of the output result were considered. For an individual pair, the end results depend on the change in snow surface properties between the processed images, the correlation of the speckle pattern, and the scale of the local features observed. For the present study, ice motion was estimated using window sizes of 350 × 75 pixels in ground range and azimuth, respectively, corresponding to dimensions of approximately 1.7 and 1.5 km. We used the Greenland Ice Mapping Project (GIMP) digital elevation model (DEM) [54] to geocode the displacements, and the final velocity measurements were posted on to a regular 100 m grid. The post-processing to remove poor quality data followed the methodology of Lemos et al. [40] . We applied a low-pass filter twice, using a kernel of 1 km by 1 km, rejecting values where the deviation between the unfiltered and filtered speed magnitude exceeded 30%. Finally, we apply a labelling algorithm based on the image histogram, identifying regions with similar values and rejecting non-coherent velocity magnitudes and isolated measurements with an area smaller than 1/1000th of the processed image size.
Errors in ice velocity measurements derived from repeat satellite imagery can be caused by inaccurate image co-registration, mis-modelled terrain correction [38, 55] and atmospheric interference, including changes in ionospheric properties and in tropospheric water vapour [56] . To estimate velocity errors, we scale each individual velocity map by the time-averaged signal to noise ratio (SNR) of the cross-correlation function [40] . The SNR is determined as the ratio between the cross-correlation function peak (Cp) and the average correlation level (Cl) on the tracking window used to estimate the Remote Sens. 2018, 10, 1878 4 of 12 velocities [57] . Typically, the estimated velocity error is~10% across the majority of the study area, rising to 20% in regions lacking stable features (Figure 1d-f ).
Results and Discussion
First, we generated average summer and winter regional velocity maps (Figure 1a ,b, respectively) in each calendar year using images that fell within the average periods of the start and end days of speedup in the sector ( Table 1 ). The velocity coverage is better in winter than summer, especially over the slow-moving inland ice, due to the absence of melting. During winter, the scattering properties of the snowpack are relatively stable and this allows radar speckle to be tracked over the otherwise featureless terrain [51, 53] . In contrast, the retrieval of summer velocities is limited to within~30 km of the ice sheet margin where there is a sufficient amount of persistent physical features to be able to track motion. Nevertheless, because of the relatively large number of individual velocity maps, w were able to resolve the seasonal pattern of speedup with unprecedented detail and show, for example, that speedup is clearly concentrated towards the centre of each glacier (Figure 1c ). The maximum recorded winter speed ranges from 121 ± 5 m yr −1 at IS to 296 ± 22 m yr −1 at ØG, and the maximum recorded summer speed ranges from 196 ± 18 m yr −1 at RG to 359 ± 18 m yr −1 at ØG. In general, the degree of speedup at each glacier is quite variable, in agreement with the findings of a previous survey based on TerraSAR-X measurements acquired in 2009 and 2010 in the same region [27] . Locally, we observe numerous regions where the seasonal speedup is greater than 100 m yr −1 , for instance reaching 150 m yr −1 (~75%) near to the glacier fronts of IG and RG ( Figure 1c ). Our results agree well with previous studies in the same region. For example, seasonal velocity changes of 50-100% between 2004 and 2007 have been reported [18] , and Sundal et al. [20] reported speedup in the range of 50-125% between 1993 and 1998. Not all glaciers, however, show such a large degree of speedup. The neighbouring glacier ØG, for example, exhibits a much lower seasonal speedup of 30 m yr −1 (21%), and maintains relatively high rates of ice flow even during winter months near the ice margin.
We examined the geometrical configurations of each glacier to investigate the possible reasons for the heterogeneous speedup ( Figure 2 ) using surface and bed elevations from GIMP-DEM [54] and IceBridge BedMachine Greenland, Version 3 [58] , respectively. Although the surface slopes of the glaciers are relatively uniform (2.8% at ØG and 2% elsewhere), their average thicknesses are considerably more variable (from 390 m at ØG to 802 m at IS). The five glaciers also present different flow regimes and, in contrast to marine-terminating glaciers [34, 35] , reach their peak speeds at distances between 8 and 18 km inland. At G1, IG and ØG, this location is approximately 650 m.a.s.l. The relative speedup is non-uniform and excluding IS where the velocity profile is incomplete, ranges from 21 to 49% (Table 1) . Despite being the fastest glacier, ØG had the lowest seasonal variation of all the studied glaciers (Table 1) , which suggests that its flow was predominantly driven either by gravity with a low Remote Sens. 2018, 10, 1878 5 of 12 sensitivity to transient increases in basal lubrication, or it had been influenced by non-uniform basal motion due to friction at the bed-ice interface [59, 60] . [54] and IceBridge BedMachine Greenland, Version 3 [58] , respectively.
Our velocity maps have sufficient spatial coverage to provide continuous profiles of summer and winter ice speed across the central flow unit of each glacier ( Figure 3 ). Speedup is primarily confined to the central, fast flowing parts of each glacier and at ~600 m.a.s.l., peaks in the range of 22% (ØG) to 66% (RG). At this altitude all of the glaciers sit in distinct bedrock depressions where the ice is far thicker than in the slower flowing neighbouring regions. In general, speedup is largely confined to fast-flowing glaciers or their tributaries (e.g., at 25-30 km and 58-60 km along the transect). Local variations in the input and routing of surface melt water may be responsible for this heterogeneity in the degree of seasonal ice speedup. With the exception of RG, the regional glaciers do not show inter-annual variations in the degree of summer speedup. At RG, however, summer rates of ice flow were 32% faster in 2016 than in 2017. This indicates that changes in a single glacier system are not always indicative of wider patterns, highlighting the value of large-scale systematic satellite monitoring. The only other place of significant inter-annual difference in seasonal speedup is the slow flowing sector between RG and IS. Here, however, ice flowed faster in 2017 than in 2016. Our velocity maps have sufficient spatial coverage to provide continuous profiles of summer and winter ice speed across the central flow unit of each glacier (Figure 3) . Speedup is primarily confined to the central, fast flowing parts of each glacier and at~600 m.a.s.l., peaks in the range of 22% (ØG) to 66% (RG). At this altitude all of the glaciers sit in distinct bedrock depressions where the ice is far thicker than in the slower flowing neighbouring regions. In general, speedup is largely confined to fast-flowing glaciers or their tributaries (e.g., at 25-30 km and 58-60 km along the transect). Local variations in the input and routing of surface melt water may be responsible for this heterogeneity in the degree of seasonal ice speedup. With the exception of RG, the regional glaciers do not show inter-annual variations in the degree of summer speedup. At RG, however, summer rates of ice flow were 32% faster in 2016 than in 2017. This indicates that changes in a single glacier system are not always indicative of wider patterns, highlighting the value of large-scale systematic satellite monitoring. The only other place of significant inter-annual difference in seasonal speedup is the slow flowing sector between RG and IS. Here, however, ice flowed faster in 2017 than in 2016.
A unique benefit of the S1 constellation is its systematic and high temporal sampling, which supports continuous, multi-year records of ice motion. For each of the glaciers in our study region, we explored this novel capability by charting their speed every 6 days across two full seasonal cycles (Figure 4) . We then analysed the velocity time-series within two distinct elevation bands: 650-750 m.a.s.l. (P1) and above 820 m.a.s.l. (P2) to investigate differences in their seasonal flow at high and low altitudes (Table 1) . There is clear heterogeneity in the seasonal flow of the five principal glaciers in this sector of the ice sheet (Figure 4) . G1, IG and RG exhibited coherent speedup periods during summer time at both altitudes. ØG showed a clear seasonal cycle at high elevations, but at lower elevations the seasonality was much less pronounced and is characterized by a longer duration speedup over the winter months, and at IS there was no apparent summer speedup at either location. However, the velocity data in these regions is generally of poorer quality than elsewhere due to the absence of clear persistent features in the SAR imagery, limiting our ability to draw firm conclusions about seasonal changes in ice flow in these glaciers. At the three glaciers where a coherent seasonal cycle is resolved, in all cases our data show that lower elevations (P1) speed up first, followed by the upper elevations (P2).
heterogeneity in the degree of seasonal ice speedup. With the exception of RG, the regional glaciers do not show inter-annual variations in the degree of summer speedup. At RG, however, summer rates of ice flow were 32% faster in 2016 than in 2017. This indicates that changes in a single glacier system are not always indicative of wider patterns, highlighting the value of large-scale systematic satellite monitoring. The only other place of significant inter-annual difference in seasonal speedup is the slow flowing sector between RG and IS. Here, however, ice flowed faster in 2017 than in 2016. ( Figure 4) . We then analysed the velocity time-series within two distinct elevation bands: 650-750 m.a.s.l. (P1) and above 820 m.a.s.l. (P2) to investigate differences in their seasonal flow at high and low altitudes (Table 1) . There is clear heterogeneity in the seasonal flow of the five principal glaciers in this sector of the ice sheet (Figure 4) . G1, IG and RG exhibited coherent speedup periods during summer time at both altitudes. Ø G showed a clear seasonal cycle at high elevations, but at lower elevations the seasonality was much less pronounced and is characterized by a longer duration speedup over the winter months, and at IS there was no apparent summer speedup at either location. However, the velocity data in these regions is generally of poorer quality than elsewhere due to the absence of clear persistent features in the SAR imagery, limiting our ability to draw firm conclusions about seasonal changes in ice flow in these glaciers. At the three glaciers where a coherent seasonal cycle is resolved, in all cases our data show that lower elevations (P1) speed up first, followed by the upper elevations (P2).
We analysed the velocity data to determine the persistence of speedup, and the start and end day of the summer season across the sector. To do this, we first applied a spline fit to each velocity time-series and identified local maxima using the precompiled MATLAB function 'findpeaks'. We then identified the peak speedup, rejecting locations under a prominent peak threshold of 25 m yr −1 . After testing thresholds of 25, 50 and 70 m yr −1 we found that this threshold provided a reasonable balance between spatial coverage and consistent speedup persistence, even in slow-moving areas. We also found the number of prominent peaks per pixel which are on average between 1 and 3, as well as consistent speedup persistence results. The persistence of the summer season is defined by the duration of the width of the peak, shown as the time interval between the dotted lines in Figure  4 . For time-series which exhibit multiple and consecutive prominent peaks, we calculate the speedup persistence as the sum of each peak width. However, when this occurs, we calculate the start and end dates of the summer season using the first and last prominent peaks, respectively (Figure 5b,c) . We applied the method to spatially-averaged time-series within discrete elevation bands (P1 and P2, Figure 4 ) and also at individual locations to resolve the spatial pattern ( Figure 5 ). We analysed the velocity data to determine the persistence of speedup, and the start and end day of the summer season across the sector. To do this, we first applied a spline fit to each velocity time-series and identified local maxima using the precompiled MATLAB function 'findpeaks'. We then identified the peak speedup, rejecting locations under a prominent peak threshold of 25 m yr −1 . After testing thresholds of 25, 50 and 70 m yr −1 we found that this threshold provided a reasonable balance between spatial coverage and consistent speedup persistence, even in slow-moving areas. We also found the number of prominent peaks per pixel which are on average between 1 and 3, as well as consistent speedup persistence results. The persistence of the summer season is defined by the duration of the width of the peak, shown as the time interval between the dotted lines in Figure 4 . For time-series which exhibit multiple and consecutive prominent peaks, we calculate the speedup persistence as the sum of each peak width. However, when this occurs, we calculate the start and end dates of the summer season using the first and last prominent peaks, respectively (Figure 5b,c) . We applied the method to spatially-averaged time-series within discrete elevation bands (P1 and P2, Figure 4 ) and also at individual locations to resolve the spatial pattern ( Figure 5 ). Across all glaciers, the persistence of seasonal speedup ranges from 72 to 63 days at P1 and P2, respectively ( Table 1 ). The persistence of speedup is shorter at higher elevations on all glaciers except G1. At RG, our estimated persistence of 55 days at P2 is lower but similar to the 66 day estimate made by Palmer et al. [21] for the period of 2004-2007 at the same location. For the first time we are able to map spatial variations in the pattern of summer speedup persistence ( Figure 5 ). The persistence of summer speedup shows clear altitudinal variation at all glaciers, ranging from 60 to 90 days and from 50 to 70 days, respectively, at P1 and P2. At IG, speedup generally has a duration of around 75 days, but persists for 80 days at isolated locations in the fastest flowing section of the glaciers (around 700 m.a.s.l.). In general, at lower altitudes (<500 m.a.s.l.), speedup persists for a significantly shorter period (~40 days). Lower regions are likely to have relatively high surface melting, potentially supplying more water to the subglacial drainage system, allowing channels to develop sooner and thereby shortening the speedup period [15, 16] . We estimated the start and end dates of the summer season using the date of peak speedup and the persistence, assuming the period is symmetrical. Near to the ice sheet margin (P1), summertime speedup begins around day 130 and lasts for around 90 days (Table 1 and Figure 5 ). The summer duration affects a wider section of the ice sheet up to 25 km inland, however the onset date is delayed by approximately 25 days on average at higher elevations (P2).
To investigate the relationship between seasonal velocity changes and environmental forcing in more detail, we compared the regional variation to a local estimate of surface melting. For this comparison, we computed the mean velocity of G1, IG and RG in 2017, when a continuous 6-day sampling was possible (Figure 6 ). Ø G and IS were excluded due to their unusual geometry (high slope) and relatively poor tracking coverage, respectively. We then computed positive degree days (PDDs) as a measure of the surface melting ( Figure 6 ) using air temperatures recorded at the nearby KAN_L (670 m.a.s.l., Figure 1a ) automatic weather station and distributed by the Programme for Monitoring of the Greenland Ice Sheet (PROMICE, https://www.promice.dk/WeatherStations.html). PDD's were integrated over six day periods to match the sampling of the satellite velocity measurements. Across all glaciers, the persistence of seasonal speedup ranges from 72 to 63 days at P1 and P2, respectively ( Table 1 ). The persistence of speedup is shorter at higher elevations on all glaciers except G1. At RG, our estimated persistence of 55 days at P2 is lower but similar to the 66 day estimate made by Palmer et al. [21] for the period of 2004-2007 at the same location. For the first time we are able to map spatial variations in the pattern of summer speedup persistence ( Figure 5 ). The persistence of summer speedup shows clear altitudinal variation at all glaciers, ranging from 60 to 90 days and from 50 to 70 days, respectively, at P1 and P2. At IG, speedup generally has a duration of around 75 days, but persists for 80 days at isolated locations in the fastest flowing section of the glaciers (around 700 m.a.s.l.). In general, at lower altitudes (<500 m.a.s.l.), speedup persists for a significantly shorter period (~40 days). Lower regions are likely to have relatively high surface melting, potentially supplying more water to the subglacial drainage system, allowing channels to develop sooner and thereby shortening the speedup period [15, 16] . We estimated the start and end dates of the summer season using the date of peak speedup and the persistence, assuming the period is symmetrical. Near to the ice sheet margin (P1), summertime speedup begins around day 130 and lasts for around 90 days (Table 1 and Figure 5 ). The summer duration affects a wider section of the ice sheet up to 25 km inland, however the onset date is delayed by approximately 25 days on average at higher elevations (P2).
To investigate the relationship between seasonal velocity changes and environmental forcing in more detail, we compared the regional variation to a local estimate of surface melting. For this comparison, we computed the mean velocity of G1, IG and RG in 2017, when a continuous 6-day sampling was possible ( Figure 6 ). ØG and IS were excluded due to their unusual geometry (high slope) and relatively poor tracking coverage, respectively. We then computed positive degree days (PDDs) as a measure of the surface melting ( Figure 6 ) using air temperatures recorded at the nearby KAN_L (670 m.a.s.l., Figure 1a ) automatic weather station and distributed by the Programme for Monitoring of the Greenland Ice Sheet (PROMICE, https://www.promice.dk/WeatherStations.html). PDD's were integrated over six day periods to match the sampling of the satellite velocity measurements. The onset of speedup begins shortly after the first PDDs was recorded at KAN_L on day 125. Onset began on day 130 at P1 and on day 140 at P2. The high speeds were sustained for ~90 days at P1 and ~80 days at P2. The seasonal speedup, likely caused by melt-induced acceleration [8, 14, 61] , starts in P1 shortly after the melt onset possibly reaches the bed (e.g., through moulins or crevasses), followed by P2, located at higher elevation and then undergoing less melting [10, 14, 18, 23] . Future investigations using the SAR backscatter information will improve the characterization of the surface melt days. After the maximum PDDs were reached on day 207, the ice speed at P1 and P2 began to slow down rapidly at similar rates, returning to near winter levels by day 220. Two further speedup events then occur around days 244 and 268 and these coincide with isolated short-lived melt events evident within the PDD record. Later spikes in velocity, enhanced by short-term basal sliding, are likely to happen due to excess amount of water input combined with the time required for the drainage system to accommodate the extra melt-water, since the size of cavities adjusts progressively in time [14, 16] .
Conclusions
We have computed seasonal changes in the motion of five land-terminating glaciers in the central-west sector of the Greenland Ice Sheet using Sentinel-1a and-1b synthetic aperture radar imagery. The systematic acquisition schedule of Sentinel-1 provides a capacity to track ice motion with significantly greater spatial and temporal sampling than previous satellite missions. In our study, we were able to produce 96 unique ice velocity maps over a two-year period, which corresponds to approximately four times the sampling frequency of previous studies [20, 21, 27] . The high data volumes allow us to study spatial and temporal changes in ice flow across this sector of the Greenland ice sheet. Despite being located in the same sector and being exposed to similar environmental conditions, the five glaciers we have surveyed show different patterns of speedup; The onset of speedup begins shortly after the first PDDs was recorded at KAN_L on day 125. Onset began on day 130 at P1 and on day 140 at P2. The high speeds were sustained for~90 days at P1 and~80 days at P2. The seasonal speedup, likely caused by melt-induced acceleration [8, 14, 61] , starts in P1 shortly after the melt onset possibly reaches the bed (e.g., through moulins or crevasses), followed by P2, located at higher elevation and then undergoing less melting [10, 14, 18, 23] . Future investigations using the SAR backscatter information will improve the characterization of the surface melt days. After the maximum PDDs were reached on day 207, the ice speed at P1 and P2 began to slow down rapidly at similar rates, returning to near winter levels by day 220. Two further speedup events then occur around days 244 and 268 and these coincide with isolated short-lived melt events evident within the PDD record. Later spikes in velocity, enhanced by short-term basal sliding, are likely to happen due to excess amount of water input combined with the time required for the drainage system to accommodate the extra melt-water, since the size of cavities adjusts progressively in time [14, 16] .
We have computed seasonal changes in the motion of five land-terminating glaciers in the central-west sector of the Greenland Ice Sheet using Sentinel-1a and-1b synthetic aperture radar imagery. The systematic acquisition schedule of Sentinel-1 provides a capacity to track ice motion with significantly greater spatial and temporal sampling than previous satellite missions. In our study, we were able to produce 96 unique ice velocity maps over a two-year period, which corresponds to approximately four times the sampling frequency of previous studies [20, 21, 27] . The high data volumes allow us to study spatial and temporal changes in ice flow across this sector of the Greenland ice sheet. Despite being located in the same sector and being exposed to similar environmental conditions, the five glaciers we have surveyed show different patterns of speedup; peak summer speedup for example ranges from 21% (Ørkendalen) to 49% (Glacier 1) relative to winter. Speedup is clearly concentrated along the central portions of each glacier, with only isolated instances elsewhere. For the first time we mapped spatial variations in the seasonal speedup persistence cycle. In this sector, the start date of the speedup period ranges from day 113 to 178, and the end date ranges from day 196 to 250, leading to a persistence ranging from 55 to 85 days. Our study highlights the unique value of the Sentinel-1 mission for tracking short term changes in ice motion. 
